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Objective: Internal diameter is a strong predictor of patency of infrainguinal vein grafts. However, most vein grafts are
tapered, with variable diameter along their length. It is unknown which diameter is most important in determining graft
resistive properties, that is, its mean diameter, minimum diameter, or some geometric combination thereof. The purpose
of this analysis was to examine the hydraulic consequences of vein graft tapering, with longitudinal impedance (ZL), a
conduit-specific measure of pulsatile resistance along straight rigid tubes.
Methods: Proximal and distal graft pressure, pressure gradient (P), and blood flow (Q) were measured intraoperatively
in a 100 cm bypass graft and digitally recorded for 10 seconds at 200 Hz. With the Womersley solution for fully developed
fluid flow in a rigid tube, a series of P waveforms were generated for graft diameters ranging from 1.2 to 8.2 mm. With
an axisymmetric form of the Navier-Stokes equations, a second series of P waveforms were computed for grafts with
long smooth symmetric tapers ranging from 0% to 90%, with geometric mean diameter of 3.2, 4.2, and 5.2 mm (%Taper
 100  [proximal diameter  distal diameter]/proximal diameter). For each set of P and Q, ZL was calculated as
P/Q, plotted over a range of 8 Hz, and integrated over 4 Hz to yield ZL.
Results: The architecture of the calculated P and ZL waveforms closely approximated their measured counterparts,
validating the method. As expected, ZL was highly diameter-dependent in a nonlinear fashion. With a clinically relevant
boundary of less than 50  103 dyne/cm5 as “acceptable,” the minimum acceptable diameter of nontapered 100 cm
bypass conduits was 4.3 mm. Analysis of graft taper revealed that small amounts of taper in large conduits were
well-tolerated. For example, introduction of 32% taper in a 5.2 mm graft (6.2 mm3 4.2 mm) caused only an 8% increase
in ZL (from 32 to 35  103 dyne/cm5). More pronounced taper in smaller conduits rendered them unacceptable. For
example, 53% taper of a 4.2 mm graft (5.7 mm3 2.7 mm) created a conduit with ZL of 70 103 dyne/cm5, well above
the acceptable limit. The relationship between ZL and percent taper was nonlinear and strongly dependent on mean
diameter.
Conclusions: The relationship between ZL and diameter in vein grafts is nonlinear; thus ZL increases rapidly in conduits
smaller than 4 mm. Tapered vein grafts behave hydraulically like nontapered grafts, provided their geometric mean is
greater than 4 mm and their degree of taper is less than 40%. Tapered veins are satisfactory conduits for long-segment
bypass grafts, provided their mean diameter is acceptable. (J Vasc Surg 2003;38:785-92.)
Approximately 60 million persons in the United States
have vascular occlusive disease, including 1 million each
year who require surgical or endovascular procedures. For
patients with long-segment stenosis or occlusion, interpo-
sition grafting with autologous vein is the treatment of
choice. Procuring acceptable vein is frequently a problem,
however, because veins vary widely with respect to length,
diameter, quality, and surgical accessibility. The saphenous
vein has emerged as the preferred conduit, although many
other systemic veins are used, including the cephalic, ba-
silic, lesser saphenous, and superficial femoral veins.
Despite the widespread use of autologous vein in car-
diovascular surgery, there is surprisingly little information
on what qualities may favor long-term patency. Diameter is
certainly critical, and the few available studies have con-
firmed that, in general, veins with diameter larger than 4.0
mm perform better than smaller conduits.1-4 These obser-
vations are clinical, however, with little basis in hemody-
namic theory. The purpose of this analysis was to critically
examine the contribution of diameter to vein graft resis-
tance, with the concept of longitudinal impedance (ZL).
This enables estimation of the minimal graft diameter al-
lowable for a given length, as well as the possible hydraulic
consequences of the inevitable taper that accompanies long
vein grafts.
METHODS
A sample hemodynamic profile of a peripheral vein
graft was obtained intraoperatively.5 After femoroperoneal
revascularization with a 100-cm nonreversed translocated
greater saphenous vein, a 22-gauge fluid-filled catheter was
inserted into a proximal side branch and attached to a
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pressure transducer calibrated with a hand-held manome-
ter. A second 22-gauge catheter was inserted into a distal
side branch and attached to a separate pressure transducer.
An ultrasonic transit time flow probe (HT207; Transonics
Systems, Ithaca, NY) was placed on the graft just distal to
the proximal anastomosis. Simultaneous pressure and flow
waveforms were recorded at 200 Hz for 10 seconds with a
digital data acquisition system. With a standard algorithm,
the beats were averaged, yielding composite single-cycle
waveforms (Fig 1).
Data were subjected to Fourier transformation accord-
ing to the method of Nichols and O’Rourke.6 In short, the
waveforms were separated into series of simple sinusoidal
waveforms of known frequency (harmonic) and amplitude
(modulus) that, when summed, approximated the original
waveform. Longitudinal impedance modulus (ZL) and
phase angle were calculated as follows:
ZLn 
Pn
Qn
n  εn  n
where ZLn represents longitudinal impedance modulus de-
rived from moduli of pressure gradient (Pn) and flow
(Qn), and n represents impedance phase angle derived
from the phase angles of pressure gradient (n) and flow
(n). The ZL profile for the sample graft is depicted graph-
ically in Fig 2. To assign a single value, the spectrum was
integrated over 4 Hz and designated as ZL. In the example
given, the calculated ZL  32  10
3 dyne/cm5. For
completeness, the more familiar input impedance spectrum
(Zi) is given in Fig 3.
With the flow waveform in Fig 1, a series of P wave-
forms were generated, corresponding to 100-cm grafts
with diameter ranging from 1.2 to 8.2 mm. These calcula-
tions were performed based on the Womersley solution for
fully developed pulsatile flow (see Appendix, online only).7
Inherent are assumptions that govern the liquid (homoge-
nous, newtonian, doesn’t slip at the wall), the tube (cylin-
drical, rigid, uniform, long), and the flow (laminar).
For analysis of theoretically tapered grafts, percent
taper was defined as 100  (proximal diameter 	 distal
diameter)/proximal diameter. For example, a graft with
proximal and distal ends of 5.2 and 3.2 mm (designated as
5.2 3 3.2 mm) would be said to taper 38%. Examples of
graft taper, with widely exaggerated diameter scales, are
given in Fig 4.
RESULTS
The Womersley equation accurately predicted P from
Q after an appropriate diameter was estimated (diameter
5.2 mm; Fig 5). Likewise, ZL, calculated from the theoret-
ical P, closely approximated that calculated from the
intraoperative data (ZLactual  34  10
3 dyne/cm5
compared with ZLtheoretical  32  10
3 dyne/cm5; Fig
6).
As expected, there was a strong inverse correlation
between ZL and diameter (Fig 7). The relationship was
nonlinear, with rapid increases in ZL observed at graft
diameters less than 4.0 mm (Fig 8). ZL for a graft diameter
of 1.2 mm was 2810  103 dyne/cm5, too high to be
shown on the figure.
The effect of smooth taper on ZL in a 100 cm conduit
with a geometric mean diameter of 4.2 mm is shown in Fig
9. Note that a moderate amount of taper (up to 38%) has
minimal effect on ZL. Larger degrees of taper result in
profound changes in both the magnitude and architecture
of the ZL spectrum. The corresponding relationship be-
tween ZL and percent taper is shown in Fig 10. Note that
Fig 1. Intraoperative hemodynamic measurements in a 100 cm nonreversed translocated femoroperoneal vein graft.
Left panel, Proximal and distal pressure; middle panel, pressure gradient; right panel, blood flow. Waveforms are
unfiltered and are an ensemble average of 10 seconds of data. Pressure measured by fluid-filled catheter transduction
and flow by ultrasonic transit-time flowmetry.
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ZL remains fairly constant until taper of about 65% (6.23
2.2 mm).
A comparison of ZL versus percent taper for conduits
of different geometric means is shown in Fig 11. Note that
the effect of taper is less pronounced for 5.2 mm conduits
compared with 3.2 mm conduits. In conduits with geomet-
ric means of 5.2 mm, even 56% taper is well-tolerated (7.2
3 3.2 mm), with a corresponding ZL value of 42  10
3
dyne/cm5.
The effect of taper on the hydraulic properties of vein
grafts is considered in a slightly different way in Fig 12.
With the fifth-order polynomial relationship between ZL
and diameter for straight grafts (Fig 8), any graft of any
configuration with a given ZL can be thought of as equiv-
alent to a straight graft with a discrete effective hemody-
namic diameter (EHD).4 Extrapolating from Fig 11, there-
fore, a relationship between percent taper and EHD can be
generated (Fig 12). Examination of Fig 12 reveals that,
provided the degree of taper is less than 40%, a tapered graft
behaves like a nontapered graft with similar mean diameter.
In contrast, a graft with taper greater than 60% behaves
more like a graft with diameter equal to its smallest end. In
other words, large grafts with little taper behave like
straight tubes with their mean diameter, whereas small
grafts with large taper behave like tubes with their mini-
mum diameter.
DISCUSSION
Since its first description by Carrel and Guthrie8 in
1906, interposition autologous vein grafting has become
the revascularization treatment of choice for long segment
occlusions of small arteries. About 1 million vein grafts are
created in the United States annually, and countless more
worldwide.9,10
Fig 2. Longitudinal impedance modulus (top) and phase angle
(bottom) measured intraoperatively in a femoroperoneal bypass
graft. Integration of impedance curve over 4 Hz revealed a ZL
value of 32  103 dyne/cm5 (see text).
Fig 3. Input impedance modulus (top) and phase angle (bottom)
measured intraoperatively in a femoroperoneal bypass graft.
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Although vein grafting operations have been continu-
ally refined over the past five decades, the saphenous vein
has remained the conduit of choice, as originally suggested
by Kunlin11 in 1949. The saphenous vein is conveniently
accessible in the subcutaneous tissues of the leg, causes
minimal disability when removed, and is thick enough to
withstand the pressure of the systemic arterial circulation.
Its 5-year patency ranges from 50% to 90%, depending on
the series.12-18 At first glance, it would seem that the
saphenous vein is well-matched in size to the arteries of the
leg, and indeed the diameter of the proximal saphenous
vein frequently approximates that of the proximal superfi-
cial femoral artery. Distally, however, the saphenous vein is
usually larger than the target artery, especially if the target is
a diseased distal tibial or coronary artery. Despite the poor
size match, it has been consistently demonstrated through
clinical experience that attempts to size-match the distal
vein to the target artery is unwise and that the minimum
vein diameter for long-term patency is about 4 mm, irre-
spective of the distal target.1-4 This somewhat counterin-
tuitive clinical finding has heretofore been unexplained.
Our findings suggest a physiologic premise for the
concept of minimum vein graft diameter. Like peripheral
outflow beds, vein grafts have resistance. Because they are
relatively large unbranched conduits, their resistance in
absolute terms is roughly 100-fold less than the outflow
bed. Unlike the outflow bed, however, blood in vein grafts
travels in discrete pulses; thus an accurate mathematical
description of vein graft resistance must include pulsation.
The popular steady flow approximation is useful for esti-
mating outflow resistance, but is inappropriate and mis-
leading for describing vein grafts.
Vein graft resistance is best conceptualized as longitu-
dinal impedance (ZL). Analogous to the electrical imped-
ance across a conductive wire, ZL is the ratio of P to Q in
a pulsatile flow field.6 It can be reliably measured and
Fig 5. Comparison of pressure gradient measured intraoperatively
(Measured P) versus gradient calculated from Womersley equa-
tion (Calculated P). Assumed constants include length, 100 cm;
diameter, 5.2 mm; viscosity of blood, 0.035 poise.
Fig 6. Comparison of ZL with P measured intraoperatively
(Measured P) versus ZL with P calculated from Womersley
equation (Calculated P). Assumed constants include length, 100
cm; diameter, 5.2 mm; viscosity of blood, 0.035 poise. Integrating
over 4 Hz yielded ZLmeasured, 34  10
3 dyne/cm5, compared
with ZLcalculated, 32  10
3 dyne/cm5.
Fig 4. Calculation of percent graft taper in 100 cm grafts with
geometric mean 4.2 mm. Graft taper is calculated as (proximal
diameter 	 distal diameter)/proximal diameter. Note that grafts
are depicted in greatly exaggerated scale. Diameter scale is enlarged
10-fold compared with length scale, to illustrate taper.
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calculated, given the sophistication of currently available
instrumentation, and intraoperative assessment of vein
graft ZL is frequently performed in our institution.
5 As
illustrated in Fig 2, consideration of a broad frequency
range is critical, because, unlike outflow resistance, vein
graft impedance to pulsatile flow exceeds that of steady
flow; thus inclusion of only the mean value results in gross
underestimation.
With ZL as a measure of conduit resistance, it is easy to
explain the clinical phenomenon of minimum graft diame-
Fig 7. Effect of diameter on ZL in straight 100 cm vein grafts.
Note steadily increasing ZL spectra with decreasing diameter. Note
also that higher harmonic values increased in greater proportion to
mean and lower harmonic values. ZL curves for 2.2 and 1.2 mm
grafts are too high to be plotted on this scale.
Fig 8. Relationship between diameter and ZL in 100 cm vein
grafts. Note nonlinear inverse relationship with greatly increased
ZL at diameter less than 4.0 mm. ZL for graft diameter of 1.2
mm was too high to be plotted on this scale (2810  103
dyne/cm5).
Fig 9. Relationship between percent taper and ZL in tapered 100 cm vein grafts with geometric mean 4.2 mm. Note
that moderate amount of taper (
40%) has little effect on ZL.
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ter. Fig 7 shows the relationship between ZL and diameter
for a 100 cm bypass graft in the leg. The non-linear inverse
nature of the function reveals that ZL rises sharply begin-
ning at graft diameters less than about 4.0 mm. This
relationship holds true independent of peripheral resistance
(ie, increasing peripheral resistance serves to decrease Q,
whereasP stays the same). Inclusion of more harmonics in
the ZL integral would change the scale of the Y-axis but
have no effect on the position of the 4.0 mm inflection
point. Even if one is skeptical about the clinical finding that
grafts with ZL greater than 47 have a high failure rate,
5
that ZL increases sharply at the 4.0 mm diameter demar-
cation is irrefutable. A similar principle was hinted at by
Sumner19 in 1996 when he provided theoretical data dem-
onstrating the nonlinear relationship between graft diame-
ter and mean P and suggested that “grafts with diameters
less than 4 mm would offer an unacceptably high resistance.”
The second finding of this study was the somewhat
surprising result of the ZL of tapered theoretical vein grafts.
We admit that before this study our bias was that the
hydraulic properties of bypass grafts were largely deter-
mined by their minimum diameter. This was empirically
Fig 10. Relationship between percent taper and ZL in tapered
100 cm vein grafts with geometric mean 4.2 mm. Note that
tapering has little effect on ZL until level of about 60% (5.63 2.8
mm).
Fig 11. Relationship between percent taper and ZL in tapered 100 cm vein grafts with geometric mean 3.2, 4.2, and
5.2 mm. Note that even more profound tapering is well-tolerated in grafts with larger geometric mean.
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based on the notion that resistance depends on the fourth
power of radius, as described by Poiseuille,6 a physician, in
1840. In considering Fig 10, however, this is clearly an
oversimplification. Large grafts (4 mm) actually can tol-
erate a fair amount of taper without sacrificing their san-
guine hemodynamic properties. For example, a 4.2 mm
graft that exhibits 21% taper (4.73 3.7 mm) increases its
ZL by only 6%, as compared with a straight 4.2 mm graft
(from 53 to 56 103 dyne/cm5). Therefore the 4.73 3.7
mm tapered graft behaves hydraulically like a uniform graft
with a diameter of about 4.1 mm. The effect is even less
pronounced in larger diameter grafts. For example, 56%
taper in a 5.2 mm graft (7.23 3.2 mm) increases its ZL by
only 31% (from 32 to 42  103 dyne/cm5), and the
calculated value of 42  103 dyne/cm5 remains in the
acceptable range for patency. Thus, whether the hydraulic
properties of a tapered vein graft are governed by its mean
diameter, minimum diameter, or some combination
thereof depends on its absolute dimensions as well as its
degree of taper. Large grafts with little taper behave like
straight tubes with their mean diameter, whereas small
grafts with large taper behave like tubes with their mini-
mum diameter.
The reasons for the discrepancy between the Poiseuille
formula and the current findings clearly lie in the funda-
mental differences in resistance to blood traveling steady
(Poiseuille) versus blood traveling in pulses (Womersley).
This is perhaps best illustrated by the concept of EHD.4
EHD of a given vein graft is the diameter that the vein graft
would have if it were circular and uniform along its entire
length. It is the diameter that explains how P and Q are
constrained in a given tube, as the quotient of P and Q is
always constant, regardless of flow, pressure, or outflow
resistance. All grafts, regardless of size, shape, or unifor-
mity, have a single unique EHD.
The question then arises, What is the meaning of EHD
in a tapered graft? Is EHD its mean diameter or its mini-
mum diameter? The answer depends on graft dimensions.
If the mean diameter of the graft is fairly large (4 mm) and
the degree of taper is low (
40%), EHD reflects graft mean
diameter. However, if the graft is small (
4 mm) with a
high degree of taper (40%), EHD reflects graft minimum
diameter.
It should be noted that this theoretical study uses many
assumptions. Boundary conditions for the analysis included
the presence of newtonian fluid mechanics and uniform
taper along the graft. Also implied was the absence of vessel
curvature, branch ligation points, lysed valves, and signifi-
cant graft compliance. These are reasonable assumptions,
however, in the unique hemodynamic environment of vein
grafts. Vein graft curvature is typically minimal, and the
high shear profile minimizes non-newtonian effects. Li-
gated graft branches and lysed valves may affect local flow
patterns, but have no bearing on global fluid dynamics or
ZL. The assumption of low compliance appears valid, be-
cause experimental vein grafts have consistently been
shown to be noncompliant at arterial pressure (compliance
in canine femoral vein graft, for instance, ranges from
0.05%-0.09%/mm Hg).20
Less clear is the effect of taper nonuniformity on the
results. The overriding assumption of uniform taper from
the proximal to the distal end was made throughout the
study (Fig 4). Whether the results of this analysis can be
generalized to grafts with nonuniform taper, “stepped”
taper, or distal-to-proximal taper (ie, reversed vein grafts)
awaits further study.
In conclusion, the relationship between ZL and diam-
eter in vein grafts is nonlinear; thus ZL increases rapidly in
conduits smaller than 4 mm. Tapered vein grafts behave
hydraulically like nontapered grafts, provided their geomet-
ric mean is greater than 4 mm and their degree of taper is
less than 40%. Tapered veins are satisfactory conduits for
long segment bypass grafting, provided their mean diame-
ter is acceptable.
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